Galectin-1, a b-galactoside-binding protein expressed at sites of T-cell activation and immune privilege, has shown specific immunosuppressive properties. Because of the implications of this protein in T-cell tolerance and its potential use to avoid graft rejection, we investigated the immunosuppressive effects of galectin-1 in the course of the human allogenic Tcell response. Galectin-1 induced a dose-and carbohydratedependent inhibition of the allogenic T-cell response. Addition of galectin-1 to alloreactive lymphocytes resulted in significant apoptosis of CD45R0-positive cells. This negative regulatory effect was accompanied by caspase activation, Bcl-2 downregulation and was prevented by addition of exogenous IL-2. In addition, a significant decrease of IFN-g production was detected in the non-apoptotic cell population, following exposure of alloreactive lymphocytes to galectin-1. Moreover, the immunosuppressive activity of this protein did not involve TGF-b-mediated mechanisms. Since galectin-1 is expressed by activated T cells and could be acting by an autocrine negative loop to control human T-cell reactivity, we finally examined the regulated expression of this protein throughout the allogenic T-cell response. Expression of endogenous galectin-1 was detected at 24 h of cell culture, reaching its maximal levels after 72 h of allostimulation. The present study sets the basis for a potential use of galectin-1 as a selective immunosuppressive agent to limit T-cell-mediated reactivity during the effector phase of the alloimmune response.
Introduction
Galectin-1 (Gal-1) is a member of a growing family of animal lectins, which are highly conserved throughout the evolution and share sequence similarities in the carbohydrate recognition domain. 1 Galectin-1 is expressed by thymic epithelial cells, 2 macrophages, 3,4 activated T cells, 5 stimulated B cells 6 and`immunologically privileged' tissues, such as placenta, testis and tumors. 1 This b-galactoside-binding protein is secreted as a non-covalently linked homodimer with two ligand binding sites capable of mediating cell ± cell, cell ± matrix interactions, through recognition of polylactosamine structures on cell surface glycoconjugates.
2,7 ± 13
By crosslinking T-cell surface glycoproteins, 10 Gal-1 has been shown to induce apoptosis of immature thymocytes and activated, but not resting T cells, through Erk phosphorylation and activation of specific transcription factors. 4,9,14 ± 18 Recent observations suggest that this carbohydrate-binding protein modulates T-cell receptor (TCR)-mediated apoptosis through partial TCR-z chain phosphorylation. 17 Moreover, we have shown that Gal-1, at low concentrations (51 mM), inhibits T-cell ± matrix interactions and reduces proinflammatory cytokine secretion, but does not induce apoptosis. 19 The immunomodulatory and anti-inflammatory effects of this carbohydratebinding protein have been also validated in vivo in experimental models of autoimmunity and inflammation. 20 ± 24 We have demonstrated, using gene therapy strategies, that Gal-1 ameliorates inflammation and suppresses the autoimmune response in a murine experimental model of rheumatoid arthritis. 20 Gal-1 treatment of arthritic mice increased T-cell susceptibility to activationinduced cell death and resulted in a strong shift from a Th1 to a Th2 cytokine profile. 20 This new wealth of information suggests that Gal-1 could be used as a selective immunosuppressive agent to shut-off T-cell effector functions under several pathological conditions. Alloantigen-reactive T cells represent the major barrier to successful organ transplantation. 25, 26 Standard immunosuppressive drugs do not specifically target alloreactive T cells and must be given for the lifetime of the individual, resulting in significant morbidity and mortality. 25 Recent studies highlighted a major role for apoptosis in the establishment of new protocols for the induction of allograft acceptance and transplantation tolerance. 27 ± 34 Although Fas L and TNF-a have been shown to mediate many of these immunosuppressive effects, 29 ± 33 it has been recently proposed that alternative pathways might participate in alloantigen-driven T-cell death. 34 The present study was conducted to investigate the immunomodulatory properties, mechanisms of action and regulated expression of Gal-1 in the course of an allogenic T-cell response.
Results

Gal-1 modulates the allogenic T-cell response in a dose-and carbohydrate-dependent manner
To investigate the immunosuppressive potential of Gal-1 in the course of an alloimmune response, we first cultured PBMC from fully-HLA mismatched donors for 5 days in the presence or absence of recombinant Gal-1 at increasing concentrations of 2, 4, 40 and 100 mg/ml. As shown in Figure  1A , Gal-1 induced a dose-dependent inhibition of the allogenic T-cell proliferative response, as shown by reduced thymidine uptake (22, 37, 61 and 80% inhibition for 2, 4, 40 and 100 mg/ml respectively; P50.01 for 4, 40 and 100 mg/ml). As a control, autologous resting cells did not show any significant change in their proliferative response, when exposed to this b-galactoside-binding protein at any of the concentrations tested (data not shown). To investigate whether inhibition of the allogeneic T-cell response by Gal-1 relies on its carbohydrate-binding properties, we incubated alloreactive lymphocytes with different concentrations of this protein in the presence of 0.1 M thiodigalactoside (TDG). This b-galactoside-specific sugar was able to almost completely prevent inhibition of the alloresponse induced by Gal-1 (4 mg/ ml). However, prevention was partial when Gal-1 was used at 40 mg/ml ( Figure 1B) . Interestingly, incubation of alloreactive lymphocytes with Gal-1 in the presence of its specific antibody (Ab), not only prevented inhibition, but also induced a slight but significant increase of the proliferative response, in comparison with alloreactive cells cultured in the absence of Gal-1 ( Figure 1C ; P50.05). This suggests that endogenous Gal-1 could be inhibited in the presence of its specific Ab. A similar effect was observed when alloreactive lymphocytes were cultured in the presence of the anti-Gal-1 Ab alone ( Figure 1C ).
To gain insight into the cellular and molecular mechanisms implicated in Gal-1-induced inhibition of the allogenic response, alloreactive lymphocytes were cultured in the presence of Gal-1 (40 mg/ml) and processed for apoptosis detection. Propidium iodide (PI) staining revealed a timedependent increase of subdiploid DNA content, when cells were allostimulated in the presence of Gal-1 for 0, 24, 48 h and 5 days (Figure 2A, histograms) . The kinetic analysis after subtraction of the corresponding controls in the absence of Gal-1 is shown in Figure 2B . Because Gal-1 kills activated T cells bearing the polylactosamine-enriched CD45R0 splicing product, we analyzed the susceptibility of CD45R0-positive cells to Gal-1-induced apoptosis in the context of the allogenic response. For this purpose, we first selected CD45R0 positive cells by using a PE-conjugated anti-CD45R0 mAb, and then measured the frequency of early and late apoptotic cells by FITC-annexin-V and PI staining ( Figure 2C ). Treatment with this sugar-binding protein resulted in *25% of early apoptotic CD45R0+ lymphocytes (annexin-V positive, PI negative) and *28% of cells positive for both FITC-annexin-V and PI ( Figure 2C , right panel). Alloreactive lymphocytes cultured in the absence of Gal-1 were used as a negative control of apoptosis ( Figure 2C , left panel).
Galectin-1 was also found to affect cytokine secretion independently of its pro-apoptotic properties. 14, 19, 20 There- Figure 1 Gal-1 inhibits the allogenic response in a carbohydrate-dependent manner. (A) Fully HLA-mismatched responder (1610 5 cells/ml) and mitomycin-treated stimulator PBMCs (1610 5 cells/ml) were co-cultured in 96-well microtiter plates in the absence or presence of Gal-1 (2, 4, 40 and 100 mg/ ml). (B): Allogeneic PBMCs were co-cultured with Gal-1 (4 and 40 mg/ml) in the absence (solid bars) or in the presence (open bars) of 0.1 M thiodigalactoside (TDG). (C) Allogeneic PBMCs were co-cultured in the absence or presence of Gal-1 (40 mg/ml) and the specific anti-Gal-1 Ab (1 : 100). After 5 days, [ 3 H]TdR was added for 18 h and uptake was determined using a b-scintillation counter. Data are expressed as c.p.m.+S.E.M of triplicate determinations and as percentages of inhibition of cell proliferation. Results are representative out of five independent experiments using different healthy donors and different allogeneic combinations. *P Gal 4 mg/ml 50.01 vs cells cultured in medium alone or TDG. **P Gal 40 and 100 mg/ml 50.001 vs cells cultured in medium alone Galectin-1, apoptosis and the alloimmune response GA Rabinovich et al fore, we also analyzed whether modulation of IFN-g production (a major Th1 proinflammatory cytokine involved in the allogenic response) contributed to the immunosuppressive effects triggered by Gal-1. In order to discriminate between the effects of Gal-1 on cytokine production and cell death, and to avoid potential complications due to nonspecific uptake of Abs by apoptotic cells, annexin-V positive lymphocytes were electronically excluded (gated out) and intracellular IFN-g was determined by FACS analysis in the non-apoptotic cell population. Addition of Gal-1 to allogenic cell cultures resulted in 33% reduction of intracellular IFN-g levels after 5 days of culture ( Figure 2D ). Taken together, these results suggest that Gal-1 inhibits the allogenic response in a dose-and carbohydrate-dependent manner through induction of T-cell apoptosis and inhibition of IFN-g production. Inhibition of this cytokine was not likely the result of killing IFN-g-producing cells, since dead cells were excluded from analysis by automatic gating after annexin staining. Hence, apoptotic and non-apoptotic mechanisms might contribute to Gal-1-induced immunosuppression during the course of an alloimmune response.
Galectin-1 delivers inhibitory signals through Bcl-2-and caspase-dependent pathways
Since the response of a cell to death/proliferation signals, is modulated by members of the Bcl-2 protein family, 35 we analyzed expression of Bcl-2 by immune cells responding during the mixed lymphocyte culture in the absence or presence of Gal-1. As shown in Figure 3A , Bcl-2 expression reached its maximal levels within 24 h of allostimulation in the absence of Gal-1 and declined only after 72 h of cell culture. When Gal-1 was added to alloreactive lymphocytes at the initiation of the cell culture, Bcl-2 expression also peaked after 24 h, but immediately decreased in a time-dependent manner ( Figure 3A ). The immunoreactive profiles are shown in Figure  3B . This effect was consistent with the kinetics of apoptosis observed in Figure 2A ,B.
Since various, but not all apoptotic stimuli deliver intracellular death signals through recruitment of specific caspases, 36, 37 we examined whether ZVAD-fmk, a broadspectrum caspase inhibitor, was able to overcome the block in proliferation triggered by Gal-1. As shown in Figure  4 , addition of ZVAD-fmk (50 mM) at the initiation of the cell culture was able to prevent cell growth arrest induced by Gal-1. Moreover, addition of ZVAD-fmk did not affect cellular proliferation in the absence of Gal-1. These results suggest that Gal-1 delivers intracellular inhibitory signals through Bcl-2-and caspase-dependent pathways.
Interleukin-2 overcomes Gal-1-induced-inhibition of the allogenic T-cell response and prevents Gal-1-induced apoptosis
Interleukin-2 (IL-2) has been shown to rescue antigen-specific T cells from apoptosis induced by a variety of stimuli, such as growth factor deprivation, radiation and dexamethasone. 38, 39 Since Gal-1 antagonizes TCR-induced IL-2 production, 14 we investigated whether addition of exogenous IL-2 could overcome inhibition of the alloimmune response and Cell Death and Differentiation Galectin-1, apoptosis and the alloimmune response GA Rabinovich et al apoptosis induced by this lectin. IL-2 was used at submitogenic concentrations (20 U/ml), which did not affect thymidine incorporation, when added alone to cell cultures at different periods ( Figure 5A ). Incorporation of this cytokine 24 h after the initiation of the cell culture, was able to completely overcome Gal-1-induced inhibition of alloreactive lymphocytes (P50.01) ( Figure 5A ). This effect did not occur when this cytokine was incorporated after 5 days of allostimulation. Expression of CD25 (IL-2Ra) was not affected by Gal-1 during the allogenic response, indicating receptor availability for IL-2 (data not shown).
To determine whether IL-2 also prevented Gal-1-induced apoptosis, we stimulated lymphocytes for 18 h in the presence or absence of Gal-1 and IL-2. At the indicated period, cells were processed for annexin-V staining. As shown in Figure 5B , IL-2 was able to prevent apoptosis induced by Gal-1, when this lectin was used at a concentration of 40 mg/ml. Since long-term expression of immunosuppressive agents might have secondary effects in vivo, our results suggest that Gal-1 inhibitory effects might be carefully controlled by addition of exogenous IL-2.
Galectin-1 inhibits the allogenic T-cell response through TGF-b-independent mechanisms
Since TGF-b is a major immunosuppressive cytokine involved in allogenic T-cell homeostasis, 40, 41 we also analyzed whether the suppressive effects of Gal-1 were also sustained by an increase in TGF-b activity. For this purpose, we assessed TGF-b expression and bioactivity during the course of the alloimmune response. As shown by Western blot analysis, using a TGF-b detection kit, Gal-1 was not able to trigger any change in TGF-b expression, which peaked at 24 h (or 48 h in some experiments) and Lymphocytes from normal donors were incubated for 18 h with an anti-CD3 mAb in the absence or in the presence of Gal-1 or Gal-1 plus IL-2 and analyzed for apoptosis by annexin-V staining. Results are representative out of three independent experiments using different healthy donors. *P Gal+IL-2 (at 24 h) 50.001 vs Gal-1 Figure 6 Gal-1 suppresses the alloimmune response through TGF-bindependent mechanisms. Fully HLA-mismatched responder (1610 5 cells/ ml) and mitomycin-treated stimulator PBMCs (1610 5 cells/ml) were co-cultured in 96-well microtiter plates in the absence or presence of Gal-1 (40 mg/ml). (A) Cells were collected from different wells after the indicated periods. Samples were lysed and equal amounts of protein were subjected to SDS ± PAGE and analyzed by Western blot analysis using a TGF-b detection kit as per the manufacturer's recommendations. A representative of two independent experiments is shown. (B) For neutralization experiments, a pan-specific anti-TGF-b mAb was added at the initiation of the cell culture in order to block endogenous TGF-b production. After 5 days, Figure 6A ). This result was further strengthened by the lack of an additive inhibitory response of the TGF-b-sensitive Mv1Lu cell line, 42 when exposed to different dilutions of acidified supernatants obtained from Gal-1-treated allogenic cells (4 and 40 mg/ml), in comparison with Mv1Lu cells exposed to acidified supernatants from normal allogenic cell cultures (Table 1) . Similar results were obtained when non-acidified supernatants were tested on Mv1Lu cells to assess only bioactive TGF-b. Confirming these findings, a pan-specific anti-TGF-b neutralizing mAb was not able to overcome Gal-1-induced inhibition of the allogenic T-cell response, when added at the initiation of the cell culture ( Figure 6B ). Cells incubated with medium alone or exposed to the anti-TGF-b mAb in the absence of Gal-1, were used as controls. In the absence of Gal-1, the neutralizing mAb slightly increased thymidine uptake, compared to cells cultured in medium alone ( Figure 6B ). This could probably indicate the ability of the antibody to neutralize part of bioactive TGF-b generated early during the course of the alloimmune response. 40, 41 Taken together, these results suggest that Gal-1 does not increases the levels of total, latent or bioactive TGF-b, and at least in the allogenic setting, the negative regulatory effect of Gal-1 does not rely on TGF-b-dependent mechanisms.
Galectin-1 is differentially expressed during the allogenic T-cell response
Galectin-1 is expressed by antigen presenting cells, stromal cells and activated B-and T-lymphocytes. 4 ± 6,43 Although activated T cells might encounter abundant Gal-1 in surrounding tissues and would become sensitive to its inhibitory effects, this protein might also be acting in an autocrine negative regulatory loop in order to shut off T-cell effector functions. Hence, we examined the regulated expression of Gal-1 during the allogenic T-cell culture ( Figure  7) . Expression of Gal-1 was detected at 24 h of cell culture, reaching its maximal levels after 48 ± 72 h of allostimulation, as shown by the occurrence of both monomeric and homodimeric forms of the protein. As has been previously reported, 2, 4, 7, 20 when concentrations of Gal-1 raise significantly, the 29 kDa dimeric band appears even under reducing conditions, since the subunits self-associate by hydrogen bonding. The absence of an immunoreactive protein band at the initiation of the cell culture (0 h) and its substantial increase during allostimulation, suggest that this protein might play a key role during the effector phase of the alloimmune response.
Discussion
The present study is aimed at validating the concept of an immunoregulatory role for Gal-1 in the course of the allogenic T-cell response. Induction of partial tolerance in alloreactive lymphocytes by a lectin-dependent process is clearly suggestive of a natural mechanism to extend allograft survival and achieve homeostasis in immune privilege tissues. Here we show that Gal-1 suppresses the alloimmune response in a dose-and carbohydrate-regulated manner and provide evidence of the molecular mechanisms implicated in this process.
Research over the past decade identified specific immunosuppressive properties for b-galactoside-binding proteins in experimental models of autoimmunity and chronic inflammation. 20, 21, 24, 44 However, only in the last few years Gal-1 has been demonstrated to exert its effects through apoptotic and non-apoptotic mechanisms. We have shown that recombinant Gal-1 or its genetic delivery ameliorated inflammation in an experimental model of rheumatoid arthritis, a T-cell mediated autoimmune disease. 20 Treatment with syngeneic fibroblasts engineered to secrete Gal-1 at the day of the disease onset, resulted in increased susceptibility to activation-induced T-cell death. This biological effect was antigen-specific, required signaling via the TCR and was also accompanied by a strong shift from Th1 to Th2 cytokine production. 20 Recombinant Gal-1 has been shown to induce apoptosis of activated T cells through recognition of selectively glycosylated receptors. 14 ± 16 Recent studies showed that this b-galactoside-binding protein acts by antagonizing Tcell responses requiring complete TCR signal transduction, but enhances those functions requiring only partial TCR-z chain phosphorylation, such as apoptosis. 17 Since, alloreactive T cells represent the major barrier for successful allograft acceptance, 25, 26 in the present study we explored the possibility that Gal-1 could be potentially used to achieve allospecific tolerance. We showed that Gal-1 induced apoptosis of a proportion of the activated T-cell population and susceptibility to cell death increased significantly in the course of the alloimmune response, as shown by the modulation of Bcl-2 protein levels and the degree of subdiploid DNA content. However, the extent of inhibition of thymidine uptake induced by Gal-1 is sufficiently higher to predict that additional`non-apoptotic' mechanisms might contribute to the immunosuppressive effects of this carbohydrate-binding protein. Among thosè non-apoptotic' mechanisms, inhibition of antigen receptor signaling and modulation of cytokine production should be considered.
Research over the last few years suggested that induction of leukocyte apoptosis might be crucial in the establishment of new protocols for allograft tolerance. 27 ± 34 In this sense, Bittencourt et al. 28 reported that intravenous injection of apoptotic leukocytes enhances bone marrow engraftment across major histocompatibility barriers. Moreover, Li et al. 44 showed that restoration of apoptotic activity within the peripheral alloreactive T cell population is critical for liver allograft survival and tolerance induction. While Fas-Fas ligand interactions have been shown to mediate many of those immunosuppressive effects and to play a role in the modulation of alloimmune responses, 29 ± 33 recent studies demonstrated that alloantigen-driven T-cell death mediated by Fas ligand and TNF-a may not be essential for the induction of allograft acceptance and suggested that alternative apoptotic pathways might participate in alloantigen-driven T-cell apoptosis. 34 Interestingly, Delioukina et al. 22 have recently shown that Gal-1 ameliorated the development and severity of experimental graft vs host disease (GVHD), a systemic reaction mediated by donor-derived alloreactive T cells.
In addition to its pro-apoptotic effects, Gal-1 has been shown to selectively modulate cytokine production. 6, 14, 19, 45 In this regard, we found a decrease of intracellular IFN-g following exposure of alloreactive lymphocytes to this carbohydrate-binding protein, which was not related to the pro-apoptotic effects of Gal-1. Since TGF-b is a major immunosuppressive cytokine and has recently been proposed to play a major role in alloantigen-specific T-cell hyporesponsiveness, 40, 41 we explored whether the powerful immunosuppressive effects of Gal-1 were also supported by TGF-b-dependent mechanisms. Using immunochemical and sensitive functional assays, we demonstrated that Gal-1 does not increase the levels of latent or bioactive TGF-b. Moreover, neutralization of endogenous TGF-b did not prevent Gal-1-induced inhibition of the alloimmune response, suggesting that the immunosuppressive properties of this carbohydrate-binding protein, at least in the allogeneic T-cell model, do not rely on TGF-b-dependent mechanisms.
One of the main findings of our study is undoubtedly the potential of exogenous IL-2 to overcome Gal-1-induced inhibition of the alloimmune response, when added 24 h after the initiation of the cell culture and to prevent Gal-1-induced apoptosis. In this sense, susceptibility to Gal-1-induced immunosuppression and apoptosis might be carefully regulated not only by specific saccharide ligands, but also by IL-2-mediated signaling on activated T cells. Accordingly, IL-2 has been shown to rescue antigenspecific T cells from apoptosis induced by radiation, glucocorticoids and growth factor withdrawal by selective induction of bcl-2 or bcl-xL anti-apoptotic gene expression. 38, 39 Since many apoptotic stimuli, such as Fas ligand, TNF-a and TRAIL deliver death signals through recruitment of a series of aspartic acid-specific proteases known as caspases, 46 while other stimuli function independently of caspase activation, 36, 37 we took advantage of the allogenic T-cell model to investigate the involvement of caspases in Gal-1-induced apoptosis. Under our experimental conditions, treatment of alloreactive lymphocytes with a broad range caspase inhibitor (ZVAD-fmk), was able to overcome cell growth inhibition triggered by Gal-1, suggesting that this b-galactoside-binding protein transduces inhibitory/ death signals through activation of caspases.
Since Gal-1 is highly expressed in activated lymphocytes, 5 we finally investigated the regulated expression of this protein in the course of a human allogeneic T-cell response. Expression of endogenous Gal-1 peaked after 2 to 3 days of allostimulation, suggesting a role for this protein during the effector phase of the alloresponse. Similarly, Blaser et al. 5 reported the presence of Gal-1 mRNA in antigen-stimulated, but not in resting CD8 + T cells. Moreover, we have previously shown increased expression of Gal-1 in activated B cells that received signals via cross-linking of the B-cell receptor (BCR) and CD40 6 and in PMA-and FMLP-stimulated macrophages. 3, 4 In addition to the potential use of Gal-1 in preventing allograft rejection, this protein might also participate in the establishment of immune privilege in tissues such as testis, placenta and the eye, which have the ability to support allogenic and xenogenic tissue grafts. 47 The specific ability of Gal-1 to downregulate T-cell responses and its high expression in immunologically privileged sites, in which transplanted allogenic tissues are protected from a local immune response, 47 suggest that this b-galactoside-binding protein might be relevant for tolerance induction and could be potentially used to avoid chronic graft rejection. Immune privilege has been proposed to be an active process that employs evolutionarily conserved mechanisms to induce cell death and immune tolerance. 47 Finally it has recently been postulated that bone marrow transplantation is the way to treat certain autoimmune diseases such as rheumatoid arthritis and multiple sclerosis. 48, 49 The hypothesis behind this proposal is that`old memory' of autoimmune disease will be deleted by radiation therapy while newly transplanted bone marrow will be tolerized to current autoantigens driving the immune response. This resetting of the immune system may also be induced by Gal-1 treatment. Further experiments will be required to evaluate these interesting clinical applications.
Results presented herein provide the first experimental evidence implicating Gal-1 in the modulation of alloantigen specific T-cell responses. Investigation of the molecular mechanisms leading to immune tolerance, T-cell suicide and homeostasis will contribute to delineate novel therapeutic strategies to prevent graft rejection, GVHD, DTH reactions and autoimmunity, avoiding generalized immunosuppression. 50 
Materials and Methods
Reagents and antibodies
RPMI-1640 medium, PHA, protease inhibitors cocktail, iodoacetamide, thiodigalactoside (TDG), HRP-conjugated goat anti-rabbit IgG, NP-40 and propidium iodide were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Electrophoretic reagents were from Bio-Rad (Richmond, CA, USA). Fetal calf serum (FCS) and L-glutamine were from Life Technologies (Paisley, UK). Recombinant human placental Gal-1 was produced as described, 51 resuspended, stored in 8 mM DTT at 7708C and used in all procedures in medium or PBS containing 1.0 mM DTT (PBS/DTT). The anti-Gal-1 polyclonal Ab was obtained in rabbits as described. 20, 51 The anti-Bcl-2 Ab (Bcl-2 DC21) was from Santa Cruz Biotechnol. (Santa Cruz, CA, USA). The TGF-b neutralizing Ab and the TGF-b detection kit were from R&D Systems (Palo Alto, CA, USA). Phycoeritrin (PE)-conjugated anti-IFN-g and PEconjugated anti-human CD45R0 mAb were from Becton Dickinson (San Jose Â , CA, USA). The caspase inhibitor ZVAD-fmk (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone) was from Enzyme System Products (Livermore, CA, USA). All other chemical reagents were commercially available analytical grade.
PBMC isolation
Peripheral blood mononuclear cells (PBMCs) were prepared from anticoagulated venous blood taken from healthy adult volunteers by Ficoll-Paque 2 Plus (Amersham Pharmacia Biotech, Uppsala, Sweden) gradient centrifugation. Cells were extensively washed and resuspended in RPMI-1640 supplemented with 10% heat inactivated pooled normal human AB serum, sodium pyruvate, glutamine and penicillin-streptomycin. 
Allogeneic stimulation
Proliferation assays
After the indicated periods, cells were pulsed with 1 mCi/well of methyl-3 H-thymidine [ 3 H]TdR (NEN, Boston, MA, USA) during the last 18 h of cell culture and harvested on glass fiber filters using a Packard Filtermate cell harvester (Packard Instruments, LaGrange, IL, USA). Incorporated radioactivity was measured in a liquid scintillation bcounter (Packard Instruments). All tests were conducted in triplicate. Results were expressed as mean c.p.m. of triplicate wells+S.E.M. and percentages of inhibition were calculated as described above.
Apoptosis assays
Following allogenic stimulation, cells were harvested after different time periods, washed with ice-cold PBS, fixed in 1 ml 70% ethanol and processed for analysis of hypodiploid DNA content by propidium iodide (PI) staining as described by Nicoletti et al. 52 Briefly, after extensive washing cell pellets were gently resuspended in 1 ml hypotonic fluorochrome solution (50 mg/ml PI diluted in 0.1% (w/v) sodium citrate plus 0.1% (v/v) Triton X-100) and kept at 48C for 3 h in the dark. The PI fluorescence emission of individual nuclei was filtered through 585/ 42 nm band pass filter. Ten thousand events were acquired in a Cytoron Absolute cytometer 1 (Ortho Diagnostic, Raritan, NJ, USA). Results were analyzed using the WinMDI software 1 . The frequency of apoptotic cells was assessed by evaluating the percentage of subdiploid nuclei in the 52N DNA peak. Percentages of subdiploid DNA content were also determined after subtraction of the corresponding controls in the absence of Gal-1, as follows: [subdiploid (galectin-1)-subdiploid (control)/100-subdiploid (control)]6100 at the different time periods.
Sensitivity of CD45R0 + cells to Gal-1-induced apoptosis was determined by a triple staining procedure, using PE-conjugated antihuman CD45R0 mAb (Becton Dickinson, San Jose Â , CA, USA) and a FITC-conjugated annexin-V/PI kit, as per the manufacturer's recommendations (Immunotech, Marseille, France). Flow cytometry data was acquired and analyzed as above. 
Cell Death and Differentiation
Western blot assays
To analyze modulation of Bcl-2 expression levels, cells were cultured in the absence or in the presence of Gal-1 (40 mg/ml) and collected after different time periods of allostimulation. Cells cultured in medium alone were also obtained to analyze modulation of endogenous Bcl-2 and Gal-1 expression. Western blot analysis was performed essentially as described. 4, 15 Medium was carefully removed and cells were extensively washed with PBS at room temperature. Then, cell pellets were mixed gently with 1 ml ice-cold lysis buffer (PBS containing 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 142.5 mM KCl, 5 mM MgCl 2 , 10 mM HEPES, pH 7.2) with freshly added protease inhibitor cocktail (0.2 mM PMSF, 0.1% aprotinin, 0.7 mg/ml pepstatin and 1 mg/ml leupeptin) and incubated for 30 min on ice. Samples were finally centrifuged at 15 0006g for 20 min at 48C and the supernatant fluids, representing the whole cell protein lysates, were stored at 7708C until use. Protein concentration was estimated by using the micro-BCA 2 Protein Assay reagent kit (Pierce, Rockford, IL, USA).
SDS ± PAGE was performed in a Miniprotean II electrophoresis apparatus (Bio Rad, Richmond, CA, USA) as described by Laemmli. 53 Equal amounts of proteins (30 mg per each lane) were diluted in sample buffer and resolved on a 15% separating polyacrylamide slab gel. After electrophoresis, the separated proteins were transferred onto nitrocellulose membranes and probed with a 1 : 2000 dilution of the anti-Bcl-2 polyclonal Ab (Santa Cruz Biotechnol, CA, USA) or a 1 : 2000 dilution of the anti-Gal-1 polyclonal Ab as described. 15, 20 Blots were then incubated with a 1 : 3000 dilution of a HRP-conjugated anti-rabbit IgG and developed using an enhanced chemoluminescence (ECL) detection kit (Amersham, Uppsala, Sweden). Recombinant Gal-1 (1 mg) was used as a positive control for Western blot detection. Control of specific immunoreaction was performed by incubation of the blots with a rabbit preimmune serum. The anti-Gal-1 Ab was found to be monospecific since it did not recognize other galectins, such as Gal-3. 6 Equal loading and absence of protein degradation were checked by Ponceau S staining (Sigma, St. Louis, MO, USA) and using an anti-a-tubulin (DM1A) mAb as described. 
